ABSTRACT The apple maggot ßy, Rhagoletis pomonella (Walsh), is a key pest of apple in eastern North America that has been historically controlled with organophosphate insecticide applications. Here we report on progress toward development of an effective and maintenance-free attracticidal sphere system for this pest species. In our studies, we evaluated lethality of spinosad in combination with a feeding stimulant (sucrose) to replace a Tangletrap sticky coating as the killing agent of a sphere-based behavioral control system. Spinosad was incorporated into cylindrical and contoured controlled-release caps that were Þxed atop visually stimulating sphere bases. For both cap styles, spinosad at or near 1.0% (a.i.) proved to be a relatively durable ßy-killing agent, providing Ϸ85% mortality after simulated rainfall exposure reßective of average season-long precipitation levels experienced during the primary period of risk of apple maggot injury to fruit in the northeastern United States. In Þeld trials, we assessed the impact of color degradation of contoured controlledrelease caps on visual responsiveness of apple maggot ßy and found that it had no signiÞcant impact on captures. In commercial orchard trials designed to evaluate the potential of attracticidal spheres with contoured caps for direct control of apple maggot, a perimeter-based deployment provided protection comparable to plots receiving 1Ð2 whole-plot insecticide applications.
The apple maggot ßy, Rhagoletis pomonella (Walsh), is a key pest of commercial apple production in northeastern and midwestern states, and is a pest of increasing importance in both the mid-Atlantic and northwestern apple-growing regions. This species has been found throughout all regions where apples are grown in the United States (Ali Niazee 1988) including California, Oregon, Washington, Idaho, Utah, and Colorado, where it has not yet become an established pest, but it is considered to be an important quarantine concern for growers who export apples to international markets (Bush et al. 2002) .
Traditionally in the northeastern United States, growers face a persistent threat of apple maggot infestation and typically apply an average of three organophosphate, carbamate, pyrethroid, or neonicotinoid insecticide applications to their entire orchard, beginning in early July and ending in late August (Reissig 1988 . Given that the principal threat of apple maggot injury in commercial orchards arises from ßies immigrating from unmanaged hosts found outside orchard blocks, behavioral control of immigrating adults using visually stimulating Tangletrap-coated red spheres, baited with attractive olfactory stimuli, and deployed in the perimeter row of apple trees has proven effective. This alternative approach has provided effective control of apple maggot comparable to conventional insecticide applications in numerous commercial orchard studies , Bostanian et al. 1999 , Prokopy 2003 . However, because traps must be cleaned at least biweekly to retain capturing effectiveness, the labor associated with their maintenance is cost-prohibitive on a commercial scale ).
Thus, a key consideration for commercial relevance is development of a method for replacing Tangletrap as a killing agent. A number of approaches have been evaluated; each requiring use of an insecticide delivered in conjunction with a feeding stimulant (sucrose) to achieve a toxic insecticide residue on trap surfaces (Duan and Prokopy 1995) . The most promising designs tested to date have been those that use environmental moisture to renew the supply of feeding stimulant and insecticide as existing residues are washed away. These traps can be categorized into two types: internally and externally renewed visual traps.
Internally renewed traps consist of a mixture of sugar, ßour, glycerin, and water that is formed into a biodegradable sphere and coated with latex paint bearing an insecticide, such as imidacloprid (Hu et al. 1998) . Alighting ßies are stimulated to feed upon contact with sugar delivered from the starch-based trap body through the coating of latex paint. While feeding, ßies ingest insecticide bound proximally in latex paint, and die. This trap style demonstrated early promise for potential application against a number of tephritid species (Hu et al. 1998 , Stelinski et al. 2001 ), but the starch-based trap bodies rapidly degraded under Þeld conditions. Though patented, this trap style is no longer produced.
The Þrst externally renewed trap design consisted of 8 Ð9 cm plastic or wooden spheres coated with a mixture of insecticide, sucrose-based feeding stimulant, and latex paint and was found to be very effective at killing adult ßies Prokopy 1992, 1993) . However, the feeding stimulant, a critical component of the system, is rapidly depleted by Ͻ7 mm of rainfall (Duan and Prokopy 1995) . Therefore, the trap was redesigned to overcome this shortcoming and consisted of a reusable sphere body coated with imidacloprid-bearing latex paint capped with a disc made principally of sucrose, designed to dissolve under rainfall and replenish the supply of feeding stimulant on the surface of the sphere. Although this design yielded high mortality in laboratory studies and commercially acceptable control in Þeld studies, several shortcomings also were identiÞed (Prokopy et al. 2003a) . First, use of imidacloprid in this trapping system eliminates eligibility for use in certiÞed organic growing systems. Second, attachment of a large, cylindrical sucrosebearing cap provides an insecticide-free, sucroseladen refuge for ßies that alight directly on the sphere cap, rather than the sphere body. Here, we report on trials aimed at overcoming these shortcomings by using an insecticide that can be used in conventional and organic settings (spinosad) and redesigning the delivery mechanism of the toxicant and feeding stimulant to eliminate the toxicant-free refuge.
Materials and Methods
Apple Maggot Flies. For all laboratory trials, apple maggot ßies were reared from pupae obtained from infested apples collected in the Þeld. Pupae were separated from infested fruit during fall of the year before testing according to the methods of Roitberg et al. (1982) , and were stored in groups of 200 in moist vermiculite at Ϸ3ЊC in a cold room until needed. Approximately 5 wk before testing, pupae were placed in a small incubator at a photoperiod of 14:10 L:D, 25ЊC and 75% RH, and upon emergence, ßies were placed in 30 cm 3 Plexiglas cages. Cages were provisioned with water, sugar, and a protein food consisting of enzymatic yeast hydrolysate as described in Rull and Prokopy (2000) . Flies remained in cages for 14 Ð21 d before exposure to test conditions. Generation of Artificial Rainfall. To control and simulate the effects of rainfall exposure on trap performance, we designed a rainfall simulation chamber following the design principles of Meyer (1994) and Paige (2003) , summarized more recently in Norton and Savabi (2010) . Our rainfall simulation chamber consisted of a 1.2 m tall ϫ 0.6 m wide ϫ 0.6 m deep box made of 4.5 mm-thick clear polycarbonate sheet. The box was divided into three zones of equal height (0.4 m), and access to each zone was permitted through a door at the front of the box. These zones are described here as water delivery zone (upper), droplet formation zone (middle), and trap exposure zone (lower).
Water Delivery. In the water delivery zone, water was brought into the box via a standard garden hose adapted to a 0.75 m length of 12.7 mm (internal diameter) PVC pipe, which was capped at its terminus and formed an articulating arm spanning the interior width of the box, 30 cm below the top of the chamber. At the center of the pipe, a tee Þtting was adapted to a single microsprayer fogging nozzle (Part# 4759T22, McMaster Carr, Robbinsville, NJ) delivering 8.4 liters of water per hour at 40 psi. The sprayer nozzle was oriented straight upward, creating a uniform fog within the water delivery zone.
Droplet Formation. To form droplets that are reßective of the kinetic energy and droplet size of rainfall within apple tree canopies, the uniform fog of the upper section was allowed to settle onto a two-stage diffuser in the droplet formation (middle) zone. Each stage of the diffuser consisted of a 0.6 m 2 of 18 ϫ 16 mesh Þberglass screen, pulled tight and level by a frame attached to the inside of the chamber. The two layers of the diffuser were identical, and separated by 1 cm. As the uniform small-droplet water delivered by the fogging nozzle settled on the upper screen diffuser, the grid would slowly saturate and drip onto the lower screen until saturation, at which point droplets were formed and released into the trap exposure (lower) zone. Within this simulator, the two-stage grid diffuser ensured both uniform size and distribution of droplets.
Trap Exposure. Traps were situated in the trap exposure (lower) zone up to eight at a time, suspended from a rack mounted on a circular pedestal 50 cm in diameter. In all trials, traps were suspended directly over a 473 ml jar, such that all runoff from each trap was collected. Collection of runoff from each trap permitted calibration and conÞrmation of equality of rainfall delivery to each trap; to further ensure that rainfall coverage was uniform between the eight positions within the trap exposure zone, the pedestal and trap-hanging rack were attached to a worm gear and drive shaft through the bottom of the side of the chamber. The drive shaft was rotated by a 1/12 horsepower 20:1 ratio motor (Boston Gear, Quincy, MA), and the motor speed was further modulated by a Ratiotrol speed controller (Boston Gear) set to rotate the entire group of traps and collection jars as a unit at 2.6 cm per s, yielding one full rotation per min of exposure time. In all trials, rainfall delivery was calibrated at 2.5 cm per h, and traps were exposed to no more than one hour of rainfall every 24 h.
Spinosad Toxicity Associated With Cylindrical
Sphere Caps. To assess the potential lethality of spinosad formulated into sphere caps, we performed laboratory-based feeding bioassays using cylindrical sphere caps exposed to artiÞcially generated rainfall as a simulation of Þeld exposure, as described above.
Caps were formulated at a ratio of 20% wax (a 50:50 ratio of parafÞn: carnauba), and 80% sucrose (granulated sugar). Wax was heated to 150ЊC and blended with food-grade granulated sugar (Domino Foods, Inc., Yonkers, NY), yielding coarsely granulated, waxcoated sugar crystals that were forced through a double layer of 3 mm 2 galvanized steel screen and regranulated to a uniform particle size of Ϸ1 mm. Spinosad (formulated as Entrust Naturalyte Insect Control, Dow AgroSciences, Indianapolis, IN) was then blended into this wax-sugar mixture at Þve rates (a.i.): 0.0, 0.001, 0.01, 0.1, and 1.0%. Each of these treatment mixtures was then pressed into caps using a steel die set and 20 tons of hydraulic pressure. After pressing, each cap measured 7.5 cm (diameter) ϫ 3.8 cm (height), and was pressed with eight shallow reservoirs to facilitate capture and distribution of rainfall (Prokopy et al. 2003a ). Caps were then drilled and Þtted to unpainted, matte-Þnish red plastic sphere bodies (Great Lakes IPM, Vestaburg, MI) (Fig. 1A) , and all sphere-cap combinations were misted (to drip) with water from a trigger bottle to activate and distribute the insecticide-feeding stimulant residue bound in the sphere caps over the sphere surface. Spheres were allowed to dry for 24 h, and adult apple maggot ßies were individually exposed to spheres. For each trial, a single sexually mature ßy was gently placed at or near the equator of the sphere and allowed to forage freely for up to 10 min. Total residence time was recorded for each ßy, and ßies were then held individually with food and water (cotton wick saturated with 20% sucrose solution). Twenty ßies (10 males and 10 females) were tested on each sphere of each treatment. Fly condition (alive, moribund, or dead) was assessed 24 and 48 h after exposure to traps. Those ßies classiÞed as ÔmoribundÕ were combined with those classiÞed as ÔdeadÕ for purposes of analysis because recovery from a moribund state was not observed. Spheres were then exposed to artiÞcially generated rainfall, accumulated at 2.5 cm per hour of exposure. Spheres were exposed to not more than one 2.5 cm accumulation per 24 h to allow spheres to dry between exposures, and ßy responses were assessed as described above at four additional exposure intervals: 2.5, 10.0, 17.5, and 25.0 cm of accumulated rainfall.
The General Linear Model (GLM) procedure was used to determine if spinosad concentration or rainfall exposure affected total residence time on spheres. To identify the factors that most likely contributed to mortality of adult ßies feeding on spheres Þtted with cylindrical caps after 24, logistic regression models were constructed using a stepwise procedure (SAS Institute 2003) . The following variables and their interactions were evaluated for their ability to best predict mortality: sex, spinosad concentration, and rainfall exposure. Variable and interaction terms not signiÞcant based on the WaldÕs 2 value were dropped from the model. Spinosad Toxicity Associated With Contoured Sphere Tops. We also evaluated a ßat-topped sphere base and designed a mold that yielded a partially round sphere cap (Fig. 1B) . These visually integrated caps were made using the same methods as previously described for cylindrical caps, except that before blending and formulation, the raw materials were tinted to match the color of the plastic sphere base. To do this, the granulated sugar was tinted pink with 0.5% (wt:wt) water-soluble, powdered red candy making dye (Sugarcraft, Hamilton, OH) and the molten wax mixture was tinted red by addition of a mixture of 5:1 red:black concentrated liquid candle making dye (Peak Candle Supplies, Denver, CO) at a rate of 0.5% (wt:wt). For these trials, we formulated two caps of each of Þve concentrations of spinosad (a.i.): 0.0, 0.01, 0.1, 0.5, and 1.0%. Each of these caps was Þtted to a ßat-topped sphere base and then misted with water for activation as previously described. Flies were then exposed to spheres of each treatment as in the previous trial to determine overall lethality. Spheres were exposed to artiÞcially generated rainfall, accumulated at 2.5 cm per hour of exposure as previously described at seven exposure intervals: 0.0, 7.5, 15.0, 22.5, 30.0, 37.5, and 45.0 cm of accumulated rainfall.
The GLM procedure was used to determine if spinosad concentration or rainfall exposure affected total residence time on spheres with contoured caps. To determine the factors that most likely contributed to mortality of adult ßies after 24 h that had fed on attracticidal spheres topped with visually integrated caps, logistic regression models were constructed using a stepwise procedure (SAS Institute 2003). The following variables and their interactions were evaluated for their ability to best predict mortality: spinosad concentration (0.0, 0.1, 0.5, and 1.0% (a.i.)), rainfall exposure (0 Ð 45.0 cm), and sex. If a variable or interaction term was not signiÞcant based on the WaldÕs 2 value, it was dropped from the model. Effect of Cap Color. To assess the visual impact of degradation of color of contoured caps, we produced caps of the following color treatments: deep red, matching the pigment of the plastic sphere base (formulated at 0.5% colorants); pink, representing 50% degradation of cap color (formulated at 0.25% colorants); and white, indicative of complete pigment loss (formulated with no colorants). Twenty caps of each treatment were Þtted to ßat-topped sphere bases, coated with Tangletrap, and deployed (one trap per tree) in a heavily apple maggot-infested research plot at the Horticultural Research Center in Belchertown, MA. In addition, 20 full-round plastic spheres were coated with Tangletrap and deployed as controls within the same plot. All apple maggot ßies were removed from traps and numbers were recorded weekly from 1 July through 1 October. At each sample interval, all nontarget insects and debris were removed from spheres and Tangletrap was renewed.
Data comparing apple maggot ßy captures on spherical traps with different levels of visual integration based on a red, full-round solid sphere (complete visual integration), or a red, pink, or white cap fastened to a red ßat-topped sphere base were analyzed using one-way analysis of variance (ANOVA) followed by TukeyÕs honestly signiÞcant difference (HSD) (SAS Institute 2003) . Dependent variable data were not transformed as the homogeneity-of-variance assumptions were met according to BartlettÕs test.
Field Assessment of Refined Attracticidal Spheres. The effectiveness of attracticidal spheres with contoured caps for direct control of apple maggot was evaluated in four commercial orchards in New Hampshire. Within each orchard, a single experimental plot of at least 2 ha received a perimeter deployment of attracticidal spheres for control of apple maggot, and was paired with a single control plot of comparable tree size, cultivar composition, and location. At each plot on these farms, four unbaited sticky monitoring spheres were placed at the plot interior, with one trap occupying each quadrant of the plot. Generally, a treatment threshold of one or two ßies per trap is recommended (Chouinard et al. 2001) . Traps were sampled weekly from early July through harvest, and captures of apple maggot ßies were recorded at each sample interval (Table 1 ). The grower control (sprayed) plots received summer insecticide treatment as prescribed by the grower (Table 1) , while experimental plots (trap-protected) received no insecticide treatment from mid-June through harvest. In all experimental plots, traps were deployed on the exterior side of perimeter trees at a spacing of Ϸ8 m, following the published guidelines for trap placement and spacing (Drummond et al. 1984; Prokopy et al. 2003b Prokopy et al. , 2005 . The mean deployment density across all experimental plots was 28 traps per ha. At the time of harvest in each plot, samples of fruit were randomly selected and inspected for evidence of oviposition injury from apple maggot ßy. In each plot, 10 fruit were selected from each of 40 trees (10 trees per quadrant) and fruit were visually inspected for punctures, and then sectioned to reveal evidence of larval trails. Fruit containing larval trails were counted as infested, without regard to severity of the trail or presence of live larvae. Percent fruit injury data are presented in Table 2 .
Results

Spinosad Toxicity Associated with Cylindrical
Sphere Tops. There was no signiÞcant difference in residence time for apple maggot ßies introduced to spheres with cylindrical tops based on rainfall exposure and spinosad concentration (F ϭ 1.71; df ϭ 7, 416; P ϭ 0.104). Across all trials, ßies remained on spheres for 550.55 s Ϯ 5.83 SE out of a possible 600 s.
However, the logistic model for 24 h apple maggot ßy mortality (ßies recorded as dead or moribund) following feeding was signiÞcant ( 2 ϭ 166.38; P Ͻ 0.01). Mortality was signiÞcantly affected by spinosad concentration ( 2 ϭ 97.97; P Ͻ 0.01) and by rainfall exposure ( 2 ϭ 6.59; P ϭ 0.01). The effect of sex and all interaction terms were not signiÞcant. Mortality was greater for ßies feeding on caps containing higher concentrations of spinosad; mortality for caps containing 1.0% spinosad was 100.0% after 2.5 cm of rainfall compared with no mortality for the untreated control. Mortality remained Ն75.0% through 25.4 cm of simulated rainfall exposure for spheres containing 1.0% spinosad, but was signiÞcantly less for all other treatments containing lower spinosad concentrations (Fig. 2) .
Spinosad Toxicity Associated With Contoured Sphere Tops. There was a signiÞcant difference in residence time for apple maggot ßies introduced to attracticidal spheres with contoured caps (F ϭ 3.44; df ϭ 9, 649; P ϭ 0.004), with the effect of rainfall exposure being signiÞcant (P ϭ 0.002), but not spinosad concentration (P ϭ 0.112). Residence time based on rainfall exposure was signiÞcantly lower at 22.5 cm (535.4 s Ϯ 14.2 SE) compared with all other treatments. Across all trials, ßies remained on spheres for 574.7 s Ϯ 4.0 SE out of a possible 600 s.
The logistic model for mortality (ßies recorded as dead or moribund) was signiÞcant ( 2 ϭ 297.61; P Ͻ 0.01). Spinosad concentration ( 2 ϭ 81.39; P Ͻ 0.01) and the interaction between spinosad concentration and rainfall exposure ( 2 ϭ 54.25; P Ͻ 0.01) had signiÞcant effects on mortality. The effects of rainfall, sex, and all other interaction terms were not signiÞ- Fig. 2 . Percent mortality of apple maggot ßies Ϯ SE that fed on cylindrical caps containing 0.001Ð1.000% spinosad or no spinosad (control) after 24 h and exposed to 2.5Ð25.4 cm rainfall. N ϭ 85 ßies for each treatment (except control group, N ϭ 84).
cant. Mortality was signiÞcantly higher for ßies that fed on caps with 1.0 and 0.50% concentration of spinosad even after exposure to 22.5 cm rainfall, but mortality fell sharply after exposure to Ն30.0 cm of rainfall (Fig. 3) .
Effect of Cap Color. There was no signiÞcant difference in apple maggot ßy captures among spheres with different contoured cap colors and full-round spheres (F ϭ 2.49; df ϭ 3, 76; P ϭ 0.066), although greatest captures were recorded on red full-round spheres. Though not statistically signiÞcant, the percentage of ßies captured on spheres with contoured red, pink, or white caps attached to ßat-topped red sphere bases was reduced by Ϸ25Ð30% compared with red full round spheres (Table 3) .
Field Assessment of Attracticidal Spheres. In four commercial orchards plots, a threshold of two ßies per monitoring sphere (Chouinard et al. 2001 ) was reached nine times in plots protected exclusively with a perimeter deployment of attracticidal spheres bearing contoured caps. Growers elected not to augment these plots with insecticides. In plots protected by conventional insecticides, threshold captures were recorded eight times. In this case, insecticides were applied against apple maggot ßy an average of 1.5 times per season (Table 1) . A direct comparison between these two management tactics revealed no differences in the amount of injury by apple maggot ßy (Table 2) and injury rates in experimental plots did not exceed 1.25%.
Discussion
The main objective of this study was to design a reliable, maintenance-free attracticidal sphere for behavioral management of apple maggot ßy, alleviating the need for summer insecticide treatments. To achieve this goal, attracticidal spheres were designed to: 1) be visually attractive to foraging ßies; 2) provide sustained release of both insecticide and feeding stimulant under Þeld conditions; and 3) retain these combined attract and kill effects season-long.
Spinosad has been found to be an effective toxicant against apple maggot ßy (Reissig 2003 , Pelz et al. 2005 , Villanueva and Walgenbach 2007 , Yee et al. 2007 ) and other tephritids (Pelz et al. 2005 , Vargas et al. 2009 ). Because spinosad also has low toxicity to both mammals (DowElanco 1994) and beneÞcial insects (Williams et al. 2003) and has been approved for organic fruit and vegetable production (Dow AgroSciences 2009), this compound seemed a logical choice for inclusion as the killing agent in attracticidal spheres. Spheres with cylindrical caps containing 1.00% spinosad sustained lethality Ͼ85% throughout the term of accumulated rainfall (25.0 cm), suggesting that release of both insecticide and feeding stimulant was great enough to persist through the variable Þeld conditions of the apple maggot ßy injury risk period in northeastern orchards. The mean rainfall accumulation during the 12-wk period of greatest risk of fruit injury (early July through September) is Ϸ27.0 cm based on historical weather records from this region. Thus, our current formulation falls within the bounds of a normal season.
We also designed caps with a contoured shape that attached directly to a ßat-topped sphere to produce a trap that is more representative of the optimal shape stimulus identiÞed from numerous visual ecology studies of apple maggot ßy (Prokopy 1968 (Prokopy , 1973 Owens and Prokopy 1984) , although LaFleur et al. (2001) reported that cylindrical caps did not reduce visual attractiveness of spheres to foraging apple maggot ßies. Sphere traps with a contoured cap also provide two additional advantages over cylindrical caps: 1) they provide foraging adults with unfettered access to feed on the most lethal part of the attracticidal sphere (the cap); and 2) they achieve similar longevity of lethal effects in the Þeld while using 50% less materials (200 g cylindrical cap vs. 100 g contoured cap) (Fig.  1A,B) . In trials of traps Þtted with contoured caps, the rate of lethality actually increases steadily from 0.0 to 22.5 cm of rainfall exposure (Fig. 3) , which is not the case with traps Þtted with cylindrical caps (Fig. 2) . This phenomenon of increasing lethality under rainfall is likely associated with the fact that ßies can easily access and feed upon the contoured sphere caps, the surface of which contains a readily available and highly concentrated source of feeding stimulant and toxicant. Availability of feeding stimulant and toxicant appears to increase through a Þxed number of wetting events (Ϸ22.5 cm), at which point both cap components begin to be depleted. Overall, lethality associated with contoured caps was similar to cylindrical caps; mortality recorded after 22.5 cm of rainfall exposure at 1.00% spinosad was 100%. After spheres with contoured caps were exposed to Ͼ30.0 cm of accumulated rainfall, lethality rapidly began to decline (Fig. 3) . Again, however, high lethality was sustained through a period of rainfall analogous to that experienced by northeastern apple growers during the period of primary risk from apple maggot ßy.
Contoured sphere caps were formed in steel mold under 20 tons of hydraulic pressure, with a wire guard embedded in the exterior surface to protect caps from damage by vertebrates, a serious problem encountered with internally renewed biodegradable starch spheres (Green and Wright 2009) . Given the presence of this wire guard, coupled with the density, insolubility, and heat tolerance of the wax matrix, caps of this style retain their shape season-long. However, degradation of cap color does occur under Þeld conditions.
Behavioral manipulation requires that stimuli that incite or inhibit a particular behavior can be used to manipulate behavioral expression by the pest species (Foster and Harris 1997) . In the case of apple maggot, ßies are able to detect the round silhouette of a dark sphere reßecting low light intensity more readily when viewed against a more brightly lit contrasting background (Prokopy 1968 (Prokopy , 1973 Owens and Prokopy 1984) . Thus, contrast of the darkly colored red sphere stimulus with the surrounding brighter background is an essential component of the visual stimulus for foraging ßies. The potential impact on visual acceptance of spheres representing various levels of color loss in our studies revealed no signiÞcant differences among treatments. However, all sphere bases bearing red, pink, or white contoured caps demonstrated numerically reduced captures of apple maggot ßies in comparison with captures on a full-round plastic sphere. We cannot be certain if this indicates that the visual form and/or color of the contoured sphere cap attached to a ßat-topped sphere base differs in some way from a solid sphere body, but we consider this a cautionary Þnding in terms of production of an optimal shape stimulus for foraging apple maggot ßies.
Attracticidal spheres have the potential to control apple maggot injury without the need for insecticide applications. We conducted Þeld trials with spheres bearing contoured caps, and results yielded effective control of apple maggot injury in relatively large orchard plots (Ϸ2 ha). Oviposition injury was maintained at Յ1.25% in sphere-protected and conventionally managed plots indicating commercially acceptable levels of control. By contrast, if no control measures are used, damage can be severe; samples from unmanaged trees in New England taken over 25 yr revealed an average of 91% fruit damage under high pest pressure (Prokopy 2003) . Given that this trial was conducted in cooperating commercial apple orchards, we did not have the option of comparing damage rates in trap-protected plots with damage rates in comparably sized unprotected plots, as no commercial grower would risk the fruit loss of eliminating all control methods for apple maggot ßy. However, comparison of the mean rates of capture of apple maggot ßies on unbaited interior sticky monitoring traps (Table 1) with the precedent studies of trap-based management of apple maggot ßy , indicates that these experimental plots ranged from low pressure (Poverty Lane (Cider)) to high pressure (Poverty Lane (Fresh Market)). Extrapolation from the unbaited trap capture rates would indicate a substantial mean potential fruit loss (Ϸ60%) in the absence of any control measures for apple maggot ßy. Thus, we believe this strategy holds great promise.
However, a key element missing from attracticidal spheres is a protein-based feeding attractant. Ammonia derivatives are known to attract apple maggot ßies (Hodson 1948 ) and this information has been used to develop alternative monitoring systems for apple maggot ßy and other Rhagoletis species that involve use of yellow panels and ammonium carbonate or ammonium acetate (Reissig 1974 , Jones 1988 , Robacker et al. 1996 , Katsoyannos et al. 2000 . Given that proteindeprived ßies are responsive to ammonia-based odors while protein-fed individuals are not (Hendrichs et al. 1990 ), a behavioral approach for apple maggot ßy management should consider both physiological states of the ßiesÑprotein-deprived, food-foraging ßies and protein-fed, host-seeking females (Prokopy and Roitberg 2007) . Furthermore, the potential integration of feeding attractants into attracticidal spheres could then also serve to attract greater proportions of populations of foraging ßies to spheres, allowing them to be deployed at lower densities. However, we will need to incorporate such stimuli and evaluate their potential in both laboratory and Þeld trials to ensure that spheres of this style are capable of providing control of apple maggot ßy under broader exposure to Þeld conditions.
Alternatively, a more effective approach may be to use attracticidal spheres as part of a push-pull strategy. A push-pull strategy uses repellents or deterrents to push insects away from a protected resource or crop in combination with attractants to pull insects toward an attractive, but economically insigniÞcant resource (Cook et al. 2007) . In this case, Surround WP (kaolin clay) serves to push insects away from the protected apple crop (Villanueva and Walgenbach 2007, Leskey et al. 2010) while an attractive resource such as attracticidal spheres can be deployed to attract and ultimately kill foraging apple maggot ßies.
